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| shall describe devel opnments (if any) in each of the mgjor
task categori es.

1. Atnospheric Correction Al gorithm Devel oprent.
a. Task bjectives:
During CY 1996 there are four objectives under this task:

(i) Compl ete devel opment of an al gorithm nodul e for renoving
the effects of stratospheric aerosol and/or cirrus clouds
fromMOD S i nagery over the oceans.

(ii) Conduct research on the effects of strongly absorbing
aerosols, and their vertical structure, on the existing

at nospheric correction algorithm Use the results of this
research to develop a strategy for their renoval

(iii) Develop a detailed nodel of the diffuse transmttance
of the atnosphere and the manner in which it is influenced by
t he angul ar distribution (BRDF) of the subsurface upwelling
spectral radiance. Add a nodule for this to the atnospheric
correction algorithm

(iv) Investigate the effects of ignoring the polarization of
t he atnospheric light field on the performance of the
proposed at nospheric correction algorithm

b. Task Progress:

(i) None. This task was placed on hold to free tinme to
accel erate Major Task #4 below in response to higher-than-
expected MODI S pol arization sensitivity in some ocean bands.

(ii) During this quarter, we have tested a "spectral matching



al gorithm that, although very slow, is capable of

di sti ngui shi ng between weakly- and strongl y-absor bi ng
aerosols. It is based on conbining a nodel of the atnosphere
with a water-1|eaving radi ance nodel for the ocean, and
effecting a variation of the relevant paranmeters until a
satisfactory fit to the MDD S t op-of - at nosphere radi ance is
achi eved. W believe that the algorithmis al so capabl e of
function in the sane manner when aerosol vertical structure
is an additional paraneter. (Note that vertical structure is
only inmportant when the aerosol is strongly absorbing.)

(iii) We have conpleted the study and determ ned that the
BRDF associated with the water-|eaving radi ance affects the
diffuse transmttance in an inportant nmanner only for | ow

pi gnment concentrations and then only in the blue. herw se,
the residual error fromrenoval of the path radiance is nore
signi ficant than the BRDF-induced error.

(iv) Conpleted.
C. Anticipated Activities During the Next Quarter:

(i) W will conplete the conceptual structure of a cirrus
cloud correction algorithm and begin witing the
i npl enent ati on software.

(ii) We will carry out further studies of the perfornmance of
the spectral matching algorithm W will try to increase the
speed through utilizing a mnimzation algorithm or by
presel ecting the nodels to test.

(iii) W will wite a software nodul e to accurately conpute
the diffuse transmttance, and produce the required | ookup
tables. W envisage delivery of the nodule by the end of the
cal endar vyear.

d. Publications:

H R Gordon, Atnospheric Correction of Ccean Color |Inagery in
the Earth CGbserving System Era, Journal of Geophysica
Research, Atnospheres, (Accepted)

H R Gordon, T. Zhang, F. He, and K Ding, Effects of
stratospheric aerosols and thin cirrus clouds on atnospheric
correction of ocean color inmagery: Sinulations, Applied
Optics, (Accepted).

H. Yang and H R Gordon, Renote sensing of ocean col or:
Assessnent of water-|eaving radi ance bidirectional effects on
at nospheric diffuse transmttance, Applied OQptics (In

pr epar at i on)

2. Wiitecap Correction Al gorithm



As described in earlier reports, a whitecap radi onmeter system
has been built and tested to provide a database for
devel opi ng and validating the whitecap correction al gorithm
as well as for providing an estinmation of the whitecap
contribution to the water-|eaving radi ance during the post-

| aunch val i dati on phase. The dat abase incl udes spectral
information as well as variables associated with the
formati on and occurrence of whitecaps such as wi nd speed and
air/sea tenperature.

From 29 March to 18 April 1996 the whitecap radioneter system
was depl oyed on the NOAA ship RV Mal col mBal drige on a cruise
fromMam to a test location in the Gulf of Mexico,
approximately 70 mles off shore

from Cedar Key (Florida) in the Apal achicola Bay. The

| ocation provided relatively warmwaters (16-17 deg C with a
nunber of cold fronts noving off the mainland. These fronts
usual ly | asted a couple of days bringing strong w nds
(sometimes as high as 18 nis) and lowering the air
tenperature to about 12 deg C. The occurrence of an unstable
at nosphere and good wi nds provided an interesting spectral
whi t ewat er data set.

a. Near-term (bj ecti ves:
Qur near termobjectives in this work are:

(i) Complete the analysis of the data set fromthe Ml col m
Bal dri ge crui se.

(ii) Fix instrument problems which arose during the Baldrige
crul se.

(iii) Acquire another data set to test the results obtained
fromthe Bal drige cruise.

(iv) Prepare publications describing the instrument and the
results obtained during this cruise.

b. Task Progress:

i) W have anal yzed much of the cruise data. Interesting
ffects were found during | ow sun angl e neasurenents were
here was a | arge enhancenent of the reflectance in the red.
Al though a fall off in the

refl ectance at 865 nm conpared to 670 nmwas confirnmed, the
refl ectance was did not fall off as rapidly in the near
infrared as had been neasured previously in bow foamor surf.

(
e
t

(ii) W have replace connectors which failed during this
cruise and inproved the sealing of the instrument. The
instrument is now ready for another field exercise.



(iii) W are investigating possible cruises in windy sites
to acquire nore whitecap data to confirmour results to date.

(iv) The publications describing the instrunent and the
Mal col m Bal drige data set are al nost conpl ete.

Cc. Anticipated Activities During the Next Quarter:
(1) Compl ete anal ysis of the RV Mal col m Bal drige data set.
(2) Deploy the whitecap system on anot her cruise.

(3) Provide our nost recent results regarding the spectral
variation of whitecap reflectance to R Evans for inclusion
into the atnospheric correction algorithm

(4) Finish the publications, and al so report on the data at
the Ccean Optics neeting in Halifax in |ate Cctober.

d. Publications:

W are preparing two publications on this work. The first is
a description of the whitecap radi oneter and the second
descri bes the spectrum of the whitecap refl ectance. An
abstract ~~ Wiitecaps: Spectral

refl ectance in the open ocean and their contribution to

wat er - | eavi ng radi ance,'' by K D. More, KJ. Voss, and H R
Gordon, has been accepted for presentation at the SPIE Ccean
Optics X1 Meeting.

3. In-water Radi ance Distribution.

The main objective in this task is to obtain upwelling
radi ance distribution data at sea for a variety of solar
zenith angl es to understand how t he wat er-1| eavi ng radi ance
varies with view ng angl e and

sun angl e.

a. Near-term (bj ectives: None.
b. Task Progress: None.

C. Anticipated Activities During the Next Quarter: Deploy at
next feasible opportunity.

4. Residual Instrument Pol arizati on.

The basic question here is: if the MOD S responds to the
state of polarization state of the incident radi ance, given
the pol ari zation-sensitivity characteristics of the sensor,
how nuch wi | |

this degrade the perfornmance of the algorithmfor atnospheric
correction? W have devel oped a formalismwhich provides the



framework for renoval of instrunental polarization-
sensitivity effects, and an

al gorithmfor renoving much of the error induced by the
pol ari zati on sensitivity.

a. Near-term (bj ecti ves:

The objective is to quantify the influence of uncorrected
pol ari zation sensitivity on the MODI' S at nospheric correction
and pi gnent al gorithns,

and to try to understand the accuracy w th which instrunent
characterization nust be carried out in order to be able to
effect a correction and neet the m ssion objectives.

b. Task Progress:

VW are exam ning the performance of the al gorithm under
various scenarios, e.g., high polarization sensitivity and
good characterization, high polarization sensitivity and poor
characterization, etc.

C. Anticipated Activities During the Next Quarter:

VW will continue with the assessnent of the polarization-
sensitivity induced errors, and prepare a paper for
publication that describes the correction algorithmand the
sensitivity studies. W wll provide a nodule in the

at nospheric correction algorithmto correct for the

pol ari zation sensitivity effects based on an adequate pre-

| aunch characterizati on.

5. Pre and Post -l aunch At nospheric Correction Validation and
Vicarious Calibration/Initialization.

a. Task bjectives:
The objectives of this task are four-fold:

(i) First, we need to study aerosol optical properties over
the oceans to assess the applicability of the aerosol nodels
used in the atnospheric correction algorithm Effecting this
requires obtaining long-termtime series of the aerosol
optical properties in typical maritime environnents. This
wi Il be achieved using a Cl MEL sun/sky radioneter that can be
operated in a renpbte environment and send data back to the

| aboratory via a satellite link. These are simlar the

radi oneters used by in the AERONET NetworK.

(ii) Second, we nust be able to neasure the aerosol optica
properties froma ship during the
initialization/calibration/validation cruises.

The Cl MEL-type instrunentation cannot be used (due to the
notion of the ship) for this purpose. The required



i nstrumentation consists of an all-sky canera (which can
nmeasure the entire sky radi ance, with the

exception of the solar aureole region) froma noving ship, an
aureol e canera (specifically designed for ship use) and a
hand- hel d sun photoneter. Qur objective for this cal endar
year is (1) to assenble,

characterize and calibrate the solar aureole canmera system
(2) to develop data acquisition software, (3) to test the
system and (4) operate it successfully with the all-sky
caner a.

In the case of strongly-absorbing aerosols, we have shown

t hat know edge of the aerosol vertical structure is critical.
Thus, we need to be able to nmeasure the vertical distribution
of aerosols during validation exercises. This can be
acconplished with ship-borne LIDAR W plan to procure a

LI DAR system and nodify it for ship operations as required.

(iii) The third objective is to determ ne how accurately the

radi ance at the top of the atnosphere can be determ ned based
on measurenents of sky radi ance and aerosol optical thickness
at the sea surface. This requires a critical exam nation of

the effect of radiative transfer on "~ “vicarious'' calibration
exer ci ses.

(iv) The forth objective is to utilize data from ot her
sensors that have achieved orbit (MBX), or are expected to
achi eve orbit (OCTS, POLDER, SeaWFS) prior to the | aunch of
MDI'S, to validate and fine-tune the correction algorithm

b. Task Progress:

(i) W have been successfully operating the C MEL i nstrument
on the Dry Tortugas for the last several nonths. Currently
the instrument is being recalibrated at NASA Goddard, but

will be reinstalled in this location when it returns. W are
beginning to look at the long termdata set fromthe C ML,
in particular the sky radi ance data, and we anti ci pate

anal yzing nuch of data much nore in the com ng quarter

(ii) The sky camera systemwas been nodified and used to nake
nmeasurenents of the sky |light polarization at several

| ocations on several occasions. As we shall see in the

di scussion under (iii), this new polarization capability of
the sky camera will be of considerable value in the
initialization/ calibration/validation work. During this
period we participated in the NASA TARFOX experiment between
Bernuda and New York. This cruise took place on a cruise
liner, and we participated in three weeks of the cruise
effort. The sky camera, with polarization, was operated
along with a hand-hel d sunphotoneter and the aureol e canera
system Wile the weather was generally not as good as
expected (a hurricane went through while we were on the
cruise), there were several clear periods during which we



obtai ned data. W are working on reducing this data at this
time, and hope to have the data reduction conpleted at the
end of the next quarter. In addition, we participated in a
field exercise with Dennis dark, using the sky

canera, solar aureole system and sunphotomneters during a
cruise in Hawaii in Septenber. W wll be analyzing this
data along with the TARFOX dat a.

A Mcro Pulse Lidar (MPL) system has been ordered from SSEl.
It is scheduled for delivery by the end of the quarter.

(iii) As described in our Sem -annual Report, we have

conpl eted a study of the accuracy with which one can conpute
the radi ance at the top of the atnosphere from sky radi ance
neasurenents nmade at the sea surface.

The results suggest that the bulk of the error is governed by
the uncertainty in the sky radi ance neasurenents.
Furthernore, it was shown that the largest error in the

radi ati ve transfer process was the error due to the use of
scal ar radiative transfer theory, and that inprovenent
required the use of vector theory, and thus neasurenent of

t he pol ari zati on of the sky radiance. W have started to
anal yze the use of polarization neasurenents at the surface
and believe that the radiative transfer error can be nade
very small. Furthernore, we are now examning the extent to
which the full linear polarization of the top-of-atnosphere
radi ance can be deduced from surface neasurenents. This may
be very inportant for validating the pre-launch pol arizati on-
sensitivity characterization of MXD S.

(iv) W have been in contact with personnel involved with
SeaWFS, OCTS, and MSX to acquire data formats, and satellite
data fromthese instruments to assess the validity of the

at nospheric correction algorithm and will continue in this
effort. W have procured an S@ RL0000 Wrkstation (sane chip
set and operating systemas used by MODIS SDST). This wll
provi de the necessary image processing capability for the
pre- and post-Ilaunch era.

C. Anticipated Activities During the Next Quarter:

(1) Wien the CIMEL instrument returns fromcalibration at
NASA we will be installing it in the Dry Tortugas again. W
will also begin |looking at the long termdata that we have
been acquiring with this

i nstrument.

(iit) We will be reducing data fromthe TARFOX crui se and
fromthe nost recent cruise in Hawaii. W wll also be
participating in a cruise off of Hawaii during Novenber wth
Dennis O ark



(iii) Continue analysis of the use of polarization
nmeasurenents at the surface for deducing the full Iinear
pol ari zati on of the top-of-atnosphere radi ance.

(iv) Port image processing software from Evans' UM RSVAS in
preparation for data from other sensors.

d. Publications:
(1) None.
(ii) None.

(iii) HR Gordon and T. Zhang, How well can radi ance
refl ected fromthe ocean-at nosphere system be predicted from
nmeasurenents at the sea surface?, Applied Qptics (In press).

(iv) None.

6. Detached Coccolith Al gorithmand Post Launch Studies (with
WM Bal ch)

a. Near-term (bj ecti ves:

The algorithmfor retrieval of the detached coccolith
concentration fromthe coccolithophorid, E huxleyi 1is
described in detail in our ATBD. The key is quantification of
t he backscattering coefficient of
t he detached coccoliths. Qur earlier studies focussed on
| aboratory cultures to understand factors affecting the
calcite-specific backscattering coefficient. A thorough
understandi ng of the relationship between cal cite abundance
and light scatter, in situ, wll

provi de the basis for a generic suspended calcite al gorithm
As with algorithnms for chlorophyll, and primary productivity,
the natural variance between growh rel ated paraneters and
opti cal properties needs
to be understood before the accuracy of the algorithmcan be
determned. To this end, the objectives of our coccolith
studies during this |ast quarter have been to a) performthe
| ast of a series of flow cytonetery experinments examning the
calcite-specific
backscattering coefficient of calcite particles sanpled in
the field, and b) work up data fromour pre-launch cruise in
the &ul f of Maine |ast June.

b. Task Progress:

Backgr ound:

To date, the flow cytonmetry experinents have focussed on
cal cul ati ng the backscattering coefficient for a | arge

variety of biogenic calcite-covered cells. The experinents
showed that calcite-specific scattering coefficients changed



by al nost two orders of nagnitude when cal cul ated as the
backscattering per unit cell (n2/cell). W hypothesized that
i f backscattering coefficients of calcite covered

cells were calculated per unit mass calcite, then the
backscattering coefficient would be nmuch | ess vari abl e,
regardl ess of species.

The issue that we have faced was to neasure the calcite-

speci fic backscattering coefficient for pure biogenic calcite
particles. Recall that in the previous flow cytoneter
experiments, we showed t hat

calcite-specific bb* of plated coccolithophores had | ow
variance contrary to the anomal ous diffraction predictions
for b*. The Iimtation of this experinment was that the fl ow
cytoneter could only sort plated coccolithophore cells, where
we gated on chlorophyll a

fl uorescence and side scatter. Thus, the cell sorts

contai ned both particul ate organic and i norganic nmatter, not

pure calcite. The instrunent still could not sort non-
fluorescing, scattering particles,
free fromorganic matter. This was particularly obvious in

our neasurenents of the cal cifying dinoflagellate,

Thor acosphaera sp, in which the presence of cellular
protoplasmin the calcite thecae

significantly altered the scattering coefficient of the cell.
Therefore, the definitive experinment still had to be done in
whi ch light scattering of pure coccolith suspensions was

exam ned. Thi s

requi red maj or enhancenents of our analytical abilities, both
inthe flow cytonetry and the calcite detection

VW ran a series of flow cytoneter experinents prior to this
sunmer' s experinents at Bigel ow Laboratory. The goal of the
experiments was to sort individual coccoliths with the flow
cytoneter, to neasure the

vol une scattering properties of the sorts, then to neasure
the mass of calcite within the sort. Sorting of individua
coccoliths is not trivial with the flow cytonmeter due to
their small size and | ack of

aut of  uorescence, and it required careful tuning of the
instrument so that we could sort coccoliths based on the
rati o of horizontally- and vertically-polarized forward |i ght
scattering. Moreover, this work

requi red much nore preci se neasurenments of cal ci um
concentration, heretofore never nade on these calcifying

al gal species. This was particularly difficult when one
consi ders that seawater (and fl ow

cytoneter sheath fluid) has Ca++ concentrations in excess of
10 MM W have access to a graphite furnace atomc
absorption spectroneter, with three orders of nagnitude nore
sensitivity (50 pg Ca mi-1) than flame

atom c absorption. The instrunent, a Perkin El ner Model
5100PC, belongs to Dr. Larry Mayer at the Darling Center,

Uni versity of Maine (Wal pole, ME). M technician, Dave



Drapeau, took the Perkin El ner course in Atlanta, GA in order
to process the sanples. As an exanpl e of the experinments,
we sorted 100, 000 coccoliths of Emliania huxleyi (2nm
diameter) with the flow cytonmeter. This translated to ~25 ng
Cor 83 ng Ca, which, in a5 nL final volune, gave a
concentration of 16.6 ng Ca m-1 (still sufficient to give a
signal to noise ratio 300 on the graphite furnace atomnc
absorption spectroneter).

Speci es of calcifying al gae (both coccolithophores and

Thor acosphaera heimi, the calcifying dinoflagellate) were
purchased fromthe Provasoli-Quillard CQulture Collection (at
Bi gel ow Laboratory), and grown in K nedia. Cultures were
kept in the tenperature-controlled roons at Bi gel ow on a
14h: 10h light:dark cycle and harvested in logarithm c growh
phase for sorting with the EPICS V flow cytoneter with nulti-
paraneter data acquisition. Calcite particles then were
sorted based on their birefringence under the |aser light.
Polarizing filters were placed, at right angles, on the two
forward-angl e scatter detectors of the flow cytoneter (Q son
et al. ,1989). A son showed that the ratio of horizontally
to vertically polarized forward |ight scatter was about 3.0
for calcite particles and 1.0 for all other particle types
(we have found a ratio closer to 12 for coccoliths using the
Bi gel ow Laboratory flow cytoneter). This proved highly
effective for discrimnating and sorting calcite particles.

W perforned the necessary set-up, cell counts and cel
sorting for five calcifying algal species (which required
that we start our culturing activities at |east 2.5 weeks
prior to the beginning of the experinent). Two speci es,
Syracosphaera sp.and Coccolithus pel agi cus grew i n cl unps
whi ch caused problens in sorting individual coccoliths.

The other three species, E. huxleyi (clone 89E), Cricosphaera
sp., and Thoracosphaera sp. were adequate for our
experiments. W spent two days of our week of flow cytoneter
time tuning the flow cytoneter for

sorting individual coccoliths and verifying that flow
cytoneter counts versus regular cell counts were in good
agreenent. This was absolutely critical to our fina
results. One aspect that allowed this work to

proceed nore rapidly than previous experinents, however, was
that there was no need to sort plated cells since the goal
was to define the backscattering coefficient per ng of
calcite carbon. W calibrated our laser light scattering
phot oneter using an isotropic scattering standard supplied
with the instrunment, and frequently checked for any
instrument drift with ultra-clean distilled water.

The results showed that, indeed, the coccolith specific
backscattering coefficients were highly variable. Conparisons
of bb particulate versus the concentration of Ca denonstrate
much | ess variance than the coccolith-specific values. The
best-fit average calcite-specific bb* value for these data



was 11.7 n2 (nmol C -1 (std dev=+/- 3.2n2 (nol O-1). Equally
noteworthy, was the fact that the calcite-specific bb* based
on pure sorts of coccoliths was about an order of magnitude
hi gher than the val ues based on plated cells (thus containing
both organic and inorganic matter). Qur previous results in
whi ch pl ated coccol it hophores were sorted gave cal cite-

speci fic bb* val ues averagi ng about 0.6 n2 nol C 1(std
dev=+/- 0.36 n2 nol C1). The presence of absorbing organic
matter obviously reduced the quantity of scattered |ight
detected by the scatteroneter; such an observation only
serves to enphasi ze the inportance of preparing pure
coccolith suspensions in order to determne their bb*.

The confirmation of |ow variance in the calcite-specific bb*
for a wide range of particle sizes has significant
ramfications for the renote sensing of suspended calcite.
Sinply put, the results suggest that for renote reflectance
nmeasurenments of calcite, one need not know the species
(particle type) responsible in order to cal culate the
suspended

| oad of calcite within about 25% accuracy. |If our results
had shown nore speci es-specific variance in bb*, then one
woul d have had to know the type of particle in order to

cal cul ate the anount of suspended

calcite. Mreover, our results showed that bb* values were
| ess size dependent than the b* val ues (predicted from
anomal ous diffraction cal cul ati ons on calcite spheres).

VWrk performed this quarter

VW perforned the |ast phase of this flow cytonetry work this
August, in which we sorted natural calcite particles sanpled
from ships of opportunity fromall over the world ocean
Calcite particles were sorted using polarizing filters placed
at right angles over the two forward-angl e scatter detectors
of the EPICS flow cytoneter, and gating based on the ratio of
the two polarized forward angle scattering signals. This
work provided a nore representative estimate of the
backscattering coefficient for naturally-occuring calcite
particles, rather than cultured coccolithophores. This work
was required to verify that coefficients neasured with
cultures apply to the field.

The experiment went nuch nore snoothly than we ever expected,
especially given the difficulties of sorting field coccoliths
fromdetritus. Moreover, the results are very encouragi ng.
Arabi an Sea sanpl es that contai ned Gephyrocapsa sp.

coccoliths -- this is a globally ubiquitous species, not
avai lable in culture and never specifically sanpled in our
light-scattering studies -- showed simlar backscattering

coefficients to Emliania huxleyi. Wile the atomc

absor pti on

nmeasur enment s have not yet been processed yet to determ ne the
concentration of suspended calcite, the particle specific



coefficients ook quite reasonable. W still have one day of
flow cytoneter tine left, and intend to sort coccoliths that
we sanpled in the @ulf of Miine this year

W al so continued the processing of our cruise data fromthis
year's pre-launch @ulf of Maine work. These activities
i ncl uded:

1) mcroscopic cell and coccolith enuneration at about 80
sanpl es per nonth (this work is extrenely |aborious but
necessary in order to know t he abundance of coccoliths in
sanpl es that we measured backscattering);

2) processing graphite furnace sanples to calculate the
concentration of suspended calcite; and

3) processing calcification rate estinmates which allow us to
cal cul ate turnover tines of the suspended calcite.

C. Anticipated Activities During the Next Quarter

VW will process the atom c absorption sanples froml ast
gquarter's flow cytonmeter experinment, and process all of the
data to calculate calcite specific backscattering
coefficients.

W are schedul ed to do another pre-launch cruise to the Qulf
of Maine in Novenber. W will be neasuring calcite-dependent
backscattering continuously, as well as suspended calcite
concentration, cell and coccolith counts, and calcification
neasur enent s.

OTHER DEVELCPMENTS

The bulk of the Pl's effort during this reporting period was
focused on three activities. The first was the preparation
of revisions of the Water-|eaving Radi ance and Coccolith
concentration ATBD s. These

revi sions were conpleted and delivered to the ECS Seni or
Project Scientist in August 15, 1996. The second was a
detailed revision of the MOCEAN Val i dation Plan on behal f of
the Group. This occurred after attending the MDD S Ccean

G oup (MOCEAN) Meeting in July. The third was participation
in the MCST audit of progress toward the Level 1B al gorithm
inthe VIS NIR bands on Septenber 5, 1996.



